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In a previous paper  ~ dealing with the exit of ammonia  2 from ceils of 
Valonia  macrophysa,  Kiitz.,  it  was  suggested  that  the  rate  may be 
greater in light than in darkness and that the exit is preceded by an 
induction period.  In the present paper these points have been studied 
in  more  detail.  And  at  the  same  time  the  pH  changes  of  the  sap 
during the exit have been studied by a  new method,  s 
In  this paper,  "exposure to light"  means  exposure  to  the  normal 
alternation of daylight and darkness in the laboratory; "dark" means 
continuous darkness. 
EXP  ERIMENTAL 
These experiments were carried out  in  Bermuda in  the  winter  of  1937-38 
at the Bermuda Biological Station. 
Cells which had been allowed to accumulate ammonia in the light were divided 
into two groups and were exposed to a flow of normal sea water, which is nearly 
ammonia-free, one group in darkness and the other in light. 
The cells were exposed in glass jars in the light groups and in darkened glass 
jars or porcelain jars in the dark groups as described in the previous paper.  The 
jars were closed with two layers of heavy opaque rubber sheeting through which 
were thrust two glass tubes for the entrance and exit of the flow of sea water. 
There may have been some slight leakage of light into the dark jars from this 
cause,  but  this  must  have been very smaU since  the  tubes  themselves  were 
blackened. 
1 Jacques, A. G., J. Gen. Physiol., 1937-38, 21, 775. 
2 Ammonia means, as in previous papers, NHs  +  NH4OH  rl- NH4 ion; i.e. 
the total amount found by analysis. 
8 Jacques, A. G., J. Gen. Physiol., 1938-39, 22, 501. 
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Volumes were determined on small groups of cells assumed to be characteristic 
of the whole groups by a method previously described.  4  Analyses for potassium, 
sodium, and ammonia were carried out as described in a recent paper.  For the 
pH of the sap we used the new technique recently described  1 in which the loss of 
gas, chiefly COs, from the extracted sap is avoided. 
TABLE  I 
Exit of Ammonia from Valonia in Light and Dark (Experiment 1) 
Days  Volume 
l 
Concentration  [  Moles X 104 
Ammonia  Potassium  I  Sodium  [  Ammonia  [Potassium  Sodium 
Light  group 
0 
2 
5 
10 
15 
21 
26 
CC. 
1.72 
1.73 
1.76 
1.76 
1.78 
1.82 
1.86 
M 
0.1260 
0.1270 
0.1188 
0.1186 
0.0863 
0.0739 
0.0615 
M 
0.3617 
0.3547 
0.3576 
0.3699 
0.3668 
0.3568 
0.3336 
M 
0.1426 
0.1397 
0.1432 
0.1384 
0.1587 
0.1783 
0.2195 
2.167 
2.197 
2.090 
1.987 
1.536 
1.345 
1.144 
6.221 
6.136 
6.294 
6.520 
6.529 
6.493 
6.204 
2.452 
2.416 
2.520 
2.436 
2.824 
3.235 
4.072 
Dark group 
0 
2 
5 
10 
15 
21 
26 
Adjusted 
volume* 
1.72 
1.73 
1.67 
1.70 
1.70 
1.73 
1.78 
0.1260 
0.1279 
0.1345 
0.1154 
0.1168 
0.1025 
0.0905 
0.3617 
0.3583 
0.3587 
0.3662 
0.3534 
0.3335 
i  0.3433 
0.1426 
0.1342 
0.1292 
0.1514 
0.1539 
0.1738 
0.1933 
2.167 
2.212 
2.246 
1.962 
1.984 
1.906 
1.738 
6.221 
6.198 
5.990 
6.225 
6.007 
5.769 
6.110 
2.452 
2.311 
2.158 
2.563 
2.616 
I  3.007 
3.441 
* Adjusted by multiplying the measured volume in the dark group by 1.72 + 
1.85 so as to make it possible to start light and dark group "moles" curves at the 
same zero point. 
Three experiments were performed. 
Experiment  /.--The  cells  were  exposed  to  sea  water  containing 
0.0025  M ammonium chloride for  14 days in light.  Then they were 
divided into two groups, one in darkness and the other in light, and 
kept in flowing normal (nearly ammonia-free) sea water for 26 days 
4 Jacques, A. G., and Osterhout, W. J. V., Y. Gen. Physiol., 1931-32, 15, 537. A. O. JACQUES  523 
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FIG. 1.  The exit of ammonia in light and darkness.  Experiments  1, 2, and 3, 
and the entrance of sodium in light and darkness in Experiment 3.  The curves 
are drawn free-hand to give an approximate fit. 
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in light.  The  results of this experiment  are given in Table I  and in 
Fig. 1. 
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FIG. 2.  Comparison of the decrease of ammonia concentration and the change 
of pH of the sap in light and darkness.  The curves are drawn free-hand to give 
an approximate fit. 
TABLE  II 
Initial and Final Concentrations 
Experiment 
Ammonia 
Potassium 
Sodium 
Ammonia 
Potassium 
Sodium 
Ammonia 
Potassium 
Sodium 
Stage I 
Before  accu- 
mulation 
M 
0.0005 
0.4953 
0.1348 
0.0005 
0.4954 
0.1297 
0.0007 
0.4957 
0.1430 
Stage 2 
At end of ac- 
cumulation 
M 
0.1260 
0.3617 
0,1335 
0.0615 
0.4464 
0.1304 
0.0707 
0.4274 
0.1390 
At end of exit 
Light group  Dark  group 
M  M 
0.0615  0.0905 
0. 3336  0. 3433 
0.2195  O. 1933 
0.0017  0.0245 
0.4427  0.4106 
0.1836  0.1906 
0.0057  0.0372 
0.3953  0.4130 
0.2210  0.1596 
Experiment 2.--The cells were first allowed to accumulate ammonia 
from sea water containing  0.00100 M ammonium  chloride for 13 days n.  6.  JACQUES  525 
in light.  After this some were exposed in light and others in darkness 
to normal sea water for 31  days.  The results are given in Fig.  1. 
Experim~t 3.--The  cells  were  allowed  to  accumulate ammonia 
from sea water containing 0.00175 M ammonium chloride for 21 days 
in light.  Afterwards some were exposed in light and others in dark- 
ness to normal sea water for 24 days.  The results are given in Figs. 
1 and 2 which show the decrease in concentration of ammonia for 
both light and dark groups during the exposure to normal sea water 
in comparison with the pH change during exit.  For comparison see 
also Fig. 3  of a previous paper  a (plotted on the same scale)  showing 
how the pH behaves during accumulation. 
Table II gives a summary of the behavior of ammonia, potassium, 
and sodium, in Experiments 1, 2, and 3, during the accumulation and 
exit of ammonia. 
DISCUSSION  O1~  RESULTS 
It appears that during exposure to sea water nearly free from am- 
monia the exit of ammonia is in all cases preceded by an "induction 
period" during which the concentration of ammonia either remains 
constant or the decrease is so slow that it is masked by the natural 
variations among the cells.  The induction period is longer in the dark, 
and when at length the exit of 8mmonia occurs at a measurable rate, 
the loss proceeds more rapidly in the light than in the dark.  Eventu- 
ally, however, when the residual concentration of ammonia in the sap 
has reached a low value the rate of exit decreases again.  Thus the 
curve has an S shape.  The S shape, however, is not clearly apparent 
in the curves for the exit in the dark, but this may well be because the 
rate of exit was slow with the result that either the S shape was masked 
by the natural variations among the cells or it had not appeared by 
the time the experiments were concluded. 
As in  the previous experiments  5 the ammonia lost  was  replaced 
largely by sodium.  A precise idea is hard to get because of the natural 
variation in the K/Na ratio of different groups of cells.  However, 
we may say with a fair degree of certainty that in 5 of the 6 cases 
studied when ammonia left  the  sap  the  sodium  concentration in- 
creased and  the potassium  concentration remained quite  constant. 
It is not always possible  to equate the moles of sodium gained to the 526  KINETICS  OF  PENETRATION.  XVII 
moles of ammonium lost.  This is partly owing to the natural varia- 
tions, and partly perhaps to a tendency for the total cation concentra- 
tion of the sap to decrease during exit?  This may mean that am- 
monia is lost at a slightly greater rate than sodium is gained.  In one 
experiment, the light group of Experiment 6, the cell gained moles of 
potassium also during the exit of ammonia. 
However, in this experiment a new situation was encountered, since 
in the last  11 days of the 31  day exposure  to normal sea water, the 
rate of growth was much greater than during the first 20 days.  Thus 
in the first 20 days the increase in volume was only about 6 per cent, 
but in the 11 day period it was about 20 per cent.  This seems to be 
chiefly because during the last part of the experiment the cells com- 
menced to bud actively.  The sap samples came from both buds and 
parent cells, since only by including both could we get fair values for 
the moles of ammonia in the sap.  Both buds and  parent  cells were 
necessarily included in the volume measurements.  But the bud cells 
not having been exposed to the sea water containing ammonia may not 
have had any ammonia in them unless they took it from the mother 
cell.  Perhaps such bud cells are able to  take up potassium prefer- 
entially as do cells which have not been exposed to ammonia.  Their 
inclusion in the sample of sap would therefore tend to raise the po- 
tassium concentration of the sample, hence it is not settled by this 
experiment whether cells which have once accumulated ammonia can 
again take up potassium.  Even in the previous experiment  I where we 
seemed to have part of the ammonia replaced by potassium, it is not 
impossible that the result may have been influenced by the inclusion 
of buds. 
In any case we may say that when ammonia leaves the cell it tends 
to be replaced by sodium alone. 
In the present series of experiments the cells were tested for their 
ability to reaccumulate ammonia after some of the ammonia had been 
replaced by sodium.  In some cases two accumulations and two par- 
tial  removals of ammonia were carried out.  In all  cases the cells 
were  able  to  reaccumulate ammonia.  Some  of  these  experiments 
are described below. 
Conversely when ammonia is being accumulated actively the total cation 
concentration generally rises above normal. A.  G.  JACQUES  527 
In one of them cells from the light group of Experiment 1, Table I, 
were divided into two sub-groups, and exposed to sea water containing 
0.0025 ~  ammonia, for 8 days (a) in light, and (b) in darkness.  The 
analyses follow: 
Ammonia ....................... 
Potassium ....................... 
Sodium ......................... 
Total .......................... 
(a) after 8 days  (b) after 8 days 
Initial (a) and (b)  (light)  (dark) 
M 
0.0615 
0.3336 
0.2195 
0.6146 
M 
0.1565 
0.2448 
0.2295 
0.6308 
M 
0.0628 
0.3271 
0.2185 
0.6084 
In this experiment the cells took up ammonia rapidly in the light, 
and while the concentration of ammonia was rising by 0.0950 ~, the 
concentration of potassium decreased by 0.0888 u.  In the dark sub- 
group, however, all concentrations remained practically unchanged. 
The cells of the (b) sub-group were then exposed to the same am- 
moniated sea water in light, and the ceils of (a)  sub-group to a flow 
of normal nearly ammonia-free sea water in light, both for 28 days. 
The following results were obtained: 
Allln'lorlia  ................................ 
Potassium ............................... 
Sodium .................................. 
Total  .................................... 
(b) 28 dayslnsea water 
(a) 28 daysin  normal  containing 0.0025 
sea water. 
In light  ammonia. 
Inlight 
M  M 
0.0257  0.1957 
0.3308  0.2509 
0.2601  0.1890 
0.6166  0.6356 
In the  (a)  part of the experiment (in normal sea water)  the am- 
monia concentration decreased by 0.1308 M, but the sodium concen- 
tration increased only by 0.0306 M, while the potassium concentration 
increased by 0.0860 u.  This is fairly good evidence that  in  some 
cases at least the ammonia lost can be replaced by potassium.  The 
increase in the potassium concentration seems too great to be due to 
faulty sampling, although in this case errors due to this source were 
probably aggravated because only a  few cells were available at this 
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In  the  (b)  sub-group  the  ammonia  concentration  increased  by 
0.1329 5, but the potassium decreased by only 0.0762  5.  This may 
be due in part to faulty sampling, but undoubtedly another factor is 
the marked increase in the total cation concentration which occurred 
during the reaccumulation.  The excess concentration may well be 
ammonia accumulated without the loss of a corresponding amount of 
potassium. 
Since the (b) group cells were able to accumulate ammonia in the 
light we may suppose that they failed to do so in the dark because the 
internal  ammonia  concentration  was  already  at  the  steady  state 
equilibrium corresponding to the external concentration of ammonia 
in the dark.  In this connection it may be said that in Experiment 1 of 
a previous paper,  3 where the ceils were also exposed to sea water con- 
taining 0.0025  5  ammonia in the dark, the ammonia concentration in 
the sap ceased to rise when it reached 0.069 M, which is within reason- 
able distance of the value 0.063  ~  found in the present experiment. 
Finally the remaining cells of sub-group (a) were again exposed to 
0.0025 5  ammonia sea water, for 5 days in light.  The result was as 
follows: 
Ammonia  ................................. 
Potassium  ................................ 
Sodium .................................... 
Total ..................................... 
After 5 days in sea 
Initial  water containing  0.0025 
ammonia  sea water 
M 
0.0257 
0.3308 
0.2601 
0.6166 
M 
O. 1014 
O. 2946 
O. 2476 
O. 6436 
In this case the concentration of ammonia rose 0.0757  5  but the 
potassium concentration decreased by only 0.0362  ~r.  Most of the 
difference is accounted for by the rise in the total cation concentration 
by 0.0270 5. 
In another experiment the cells were first exposed to sea water con- 
taining 0.001  5  ammonium chloride for 13  days.  They were then 
transferred to running normal sea water for 33 days.  Then they were 
exposed to  sea water containing 0.00175  M ammonium chloride for 
15 days, and finally again to running normal sea water for 12 days. 
All these exposures were in light.  The results were as follows: A.  (3.  JACQUES  529 
AmmoIlia ..................... 
Potassium ..................... 
Sodium ....................... 
Total ......................... 
i.iti,~  mo~iJST~: 
0.1~005 
0.4949 
0.1297 
0.6251 
Exposed to 
0.001 M am- 
13 days 
M 
0.05O8 
0.4462 
0.1484 
0.6454 
Exposed to  =At,u~ 
normal S.W.  0.00175 M 
ammonia 
33 days  S.W. 15 day 
M 
0.0045 
Exposed to 
0.00175 u  I 
ammonla  I 
S.W. 15 days 
M 
0.1700 
0.2843 
0.1626 
0.6169 
Exposed to 
aormal S.W. 
12 days 
M 
0.0948 
0.2616 
0.2506 
0.6070 
Although the experiment lasted  73  days,  those cells  which were 
allowed to survive to the end of it, after two exposures to sea waters 
containing ammonia, and two partial removals of ammonia in normal 
sea water, were apparently uninjured.  In the course of the experi- 
ment K/Na was reduced from 3.8 to 1. 
We may now consider the results of the pH measurements.  As 
Fig. 2 shows,  there is apparently very little correlation between the 
decrease in the pH and the loss of ammonia.  Thus in both the light 
and dark groups the pH dropped promptly from above 6 to between 
5.60-5.70.  In the case of the light group this was nearly the entire 
drop during the experiment.  In the dark group there was a further 
drop of perhaps 0.15 pH unit on the average, but  this  appeared to 
occur before the end of the induction period.  These results reinforce 
a conclusion drawn in a previous paper  ~ that even when there is con- 
siderable ammonia in the sap the buffer system of the sap  is not an 
ammonium-salt-ammonia  one which tends to maintain the pH above 
that  of  the  normal  sodium  (potassium)  bicarbonate-CO~  system. 
Instead, the change in pH during ammonia accumulation seems to be 
connected with the gain of a little free ammonia or ammonium hy- 
droxide in excess of the potassium lost, and in exit with the loss of 
a little more ammonia or ammonium  hydroxide  in excess of the sodium 
gained. 
It might be suggested that since exit is preceded by an induction 
period there is no evidence that any basic ammonia is lost as soon as 
the cell is exposed to ammonia-free sea water.  However, only a little 
ammonia would have to be lost to produce the fall in pH observed, 
since the buffer capacity of the sap is very low.  Such an amount 
might be lost without appearing in  the analyses since it  could be 
smaller than the natural variations among the cells.  The induction 530  KINETICS  O~ PEI~ETIIATION.  XVll 
period instead of being a  period of no loss might be a  period during 
which the rate of loss is so small that it is masked by natural variations. 
The  greater decrease in pH in  the  dark  group  might  be  due  to 
the fact that in the dark none of the C02 produced by the protoplasm 
is used  up photosynthetically.  8 
According to a previous paper  3 the rate of accumulation is given by 
the formula * 
d[Am]  DNH,X ~,, ,  --  ,,oo,l. {[HXI,po  [NH,I,o, -  [HXI,v~  [NHaL~p} 
dt 
where [Am] is the ammonia in the sap, square brackets represent  con- 
centrations,  and  HX is a  weak acid elaborated  by the  protoplasm: 
eop  and  epo  refer respectively to  the  adjacent  equilibrium  layers in 
sea water and protoplasm where all species are in equilibrium across 
the interface,  and dp and epi refer to a corresponding pair of adjacent 
layers at  the  sap-protoplasm  interface.  In  the light  the  pH in  the 
eop layer, owing to the photosynthetic removal of CO,, is greater than 
in darkness, consequently [NI-I, ],op, the concentration of undissociated 
ammonia in eop, is greater and so the rate of accumulation is greater. 
But when we place the  cells in normal  sea water which is almost 
ammonia-free,  the direction of the gradient  represented by the term 
inside the brackets is reversed.  Consequently ammonia should leave 
the cell and there is no apparent reason for an induction period.  Of 
course, the pH of the sap drops as soon as the cell is exposed to the 
ammonia-free  sea water and  this would reduce  [NH3]e~p.  But  even 
so the direction of the gradient is still outward. 
Before going on to a discussion of possible reasons for the induction 
period we may inquire if injury plays any part. 
6  We suppose that photosynthesis occurs chiefly at  the sea water-protoplasm 
interface but this must increase the gradient of CO2 from the sap to the sea water 
and COs will be lost faster by the sap. 
The basic equation is 
d[Am]  =  DNH,  x {[NtI~],po -- [NH4X]e~i} 
d~ 
which is the equation for the diffusion of the species NH4X a molecule produced 
by the reversible reaction 
NH4OH +  HX ~- NH~X +  H.O A. G.  JACQUES  531 
We might suppose that the cell has a definite trapping mechanism, 
capable of retaining ammonia and possibly other cations in the sap 
indefinitely as long as the mechanism is unimpared.  From Fig.  1 it 
appears that in some cases not only did the concentration fail to in- 
crease during the last days of accumulation, but there is a suggestion 
that it  decreased slightly.  Although we consider the apparent  de- 
creases as due to natural variations among the cells, it might be that 
ammonia has  started  to  come out  as  the result of injury.  On this 
basis we should not expect an induction period.  On the other hand, 
we might suppose that the cell is normal at the start of the washing 
out process and retains the ammonia until injury occurs.  But if the 
cell is not injured during exposure to sea water containing ammonia 
we should not expect injury to occur when it is placed in normal sea 
water. 
The displacement of ammonia by sodium instead of by potassium 
which is observed, would be expected if the protoplasm were injured 
so as to be permeable to all the molecular species of the sap and sea 
water.  But as this would take place by simple diffusion there is no 
reason why it should take place more rapidly in the light as it un- 
doubtedly does.  Nor should we expect injury to set in sooner in the 
light.  Moreover we  should  expect potassium  to  be  lost  also,  and 
probably more rapidly than ammonia, for the concentration of po- 
tassium chloride in the sap was in all cases much greater than that of 
the ammonium chloride, but  their diffusion coefficients are roughly 
equal, s 
These  arguments lead  to  one  conclusion,  namely that  injury  is 
not an important factor in the exit of ammonia. 
In looking for reasons for the induction period we come to the pos- 
sibility that ammonia is transferred between the sap and sea water by 
some carrier other than the NH4X discussed in the previous paper2.7 
The obvious possibilities are undissociated ammonia, the derivatives 
of carbon dioxide and ammonia, such as ammonium carbonate, am- 
monium  bicarbonate,  and  ammonium  carbamate,  and  ammonium 
chloride.  At  the  start  of the exit experiments there should be  an 
outwardly directed gradient for all of these species.  But there is no 
s International  Critical  Tables, McGraw-Hill Book Company,  Inc.,  New 
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apparent reason why there should be an induction period in the exit 
of any of them.  Indeed at the very beginning, before the pH drop in 
the sap has occurred, we should expect the greatest rate of exit and not 
an induction period.  The decrease in the pH observed at the start 
of the exposure to normal sea water would be expected in all but the 
case of NH,C1 to decrease the rate of movement of the species, and in 
the latter case there should be no effect of pH at all. 
The rate of exit in the case of undissociated ammonia would be given by the 
equation, 
d NHa 
dJ  =  K, ([NI~]~ -- [NI-I,]o)  (a) 
for ammonium bicarbonate, 
d  N____~ ffi K, ([NH,+]s [HCOa-], -- [NH4+]o [HC08-]o)  (b) 
dt 
for ammonium carbamate, 
d ~  =  K8 ([NI-I4+]~  [NHsCOO-]~ --  [NH,+]o  [NHsCOO-]o)  (c)  dt 
for ammonium carbonate, 
d NH, =  K, ([NH,+]~ [NH~+], CO,=]~ -- [NI-~+]o [NH,+]° [CO,=]o)  (d) 
d* 
and for ammonium chloride, 
d NH, =  K, ([NH,+]~ [Cl-]~  -- [NI-14+lo  [CI-]o)  (e) 
dt 
A drop in the pH of the sap, should decrease (a) by decreasing [NPIs],, and also 
(b), (c), and (d) by decreasing  the concentration of the anion.  There should be 
little or no change in  (e) because the concentration of ammonium is compara- 
tively great. 
We may now consider whether ammonia may not be transported 
from  the  sap  by some  other species  than  a  simple  salt.  The  slow 
formation  ° of this substance might account for the induction period. 
A possible species might be urea, which does as a matter of fact occur 
rather widely in plants. 1° 
9 The formation of carbamate from carbonate, may be a comparatively slow 
reaction, at great dilution (Faurholt, C., J. chim. phys., 1925, 22, 1) but in the pH 
range of the sap,  according to Faurholt's figures,  the proportion of carbamate 
which can exist in equilibrium with other CO2-NHs species  is  almost infinitely 
small. 
10 For a  list  of occurrences  see  Handbuch  der Pflanzenanalyse (G.  Klein), 
nI IV/2, p. 224, J. Springer,  Vienna,  1933. A.  G.  JACQUES  533 
The  establishment  of  the  equilibrium  in  solution  between  urea  and  other 
CO2-NH3 species is slow even at high temperatures, but with Catalysts it can set 
up rapidly even at ordinary temperatures.  Urease which also occurs in plants 
is a catalyst for the reaction, which seems to be reversible in its effects.  That is 
to  say  in  a  urea  solution,  urease  will  bring  about  decomposition  until  the 
equilibrium point is reached, or in a  solution of "ammonium carbonate  ''n it will 
bring about the synthesis of urea.  12 
The nature of the reaction is in doubt.  Werner  18 believes that the formation 
of cyanate is a necessary intermediate step in both synthesis and decomposition. 
But others assume that the reaction proceeds through the rearrangement of am- 
monium carbonate to ammonium carbamate with the loss of water, and then by 
the dehydration of the ammonium carbamate to urea. 
The two views may be written schematically, 
COs -}- 2 NHa  -}- H20  ,~- 2 NH,  + +  COa- ~- NI-I4CNO -b 2 H,O 
~r 
(Werner) cyanate path.  (NH,),CO 
(urea) 
CO2  +  2 NHa  +  H2 ~  2 NH,  + +  COa- ~  NH,  + +  NH,COO-  +  H20 
~r 
Ca~bamate path.  (NH~)2CO +  HIO 
The evidence is contradictory. 
Sumner, Hand, and Holloway  14 found that no cyanate was formed when urea 
was decomposed in the presence of a  very pure crystallized urease.  Mack and 
Villars  is found cyanate among  the  decomposition products but  concluded that 
only the  reaction by way of carbamate is  catalyzed by urease.  Fearon  le has 
recently confirmed Sumner's results, but he suggests that the cyanate  path  may 
be an alternative one, and that possibly it is catalyzed by another enzyme present 
in crude preparations of urease. 
For present purposes it is only necessary to assume that there is 
present  in the  sap an enzyme capable of facilitating the urea equilib- 
11 Ammonium carbonate solution contains, according to the pH, bicarbonate 
and carbamate ions also. 
12 For recent syntheses of urea see Mack, E., and Villars, D. G., J. Am. Chem. 
Soc.,  1923,  45,  501.  Kay, H.  D., Biochem. Y., London, 1923,  17, 277.  Fearon, 
W. R., Biochem. Y., London,  1936, 30,  1652. 
13 Werner,  E.  A.,  The  chemistry  of  urea,  London,  Longmans,  Green  and 
Co., 1923. 
14 Sumner,  J.  B., Hand,  D.  B.,  and Holloway, R.  G., Y.  Biol.  Chem.,  1931, 
91, 333. 
16 Mack, E., and Vilhrs, D.  G., Y. Am.  Chem. So¢.,  1923,  41i~ 501. 
le Fearon, W. R., Biochem. J., London, 1936,  30,  I652. 534  KINETICS  OF  PENETRATION.  XVII 
rium.  The path is not  important.  It is a well established fact that 
many  enzymes,  including  urease,  operate  most  effectively  at  an 
optimum pH. 
In the urea-urease system, which unfortunately has been studied mostly with 
urea as the starting point, the equilibrium is set up most rapidly at pH 7.0 accord- 
ing to the results of Van Slyke and Zacharias. 1~  However, the addition of neutral 
salts or dilution of the urea solution causes  the optimum pH to increase.  This 
shift has been confirmed by Liivgren. 18  Recently, however, Howell and Sumner  19 
have shown  that though an optimum pH exists it depends not only on the con- 
centration of urea but even more so on the type of buffer used in the system.  In 
phosphate buffers the optimum may be as high as 7.6, but in acetate the optimum 
in the same urea concentration is as low as 6.7.  The authors show in the case of 
acetate buffers that the enzyme is still active at pH's as low as 3.0 and as high as 
7.5.  In phosphate buffers the range is from 5.0 to 9. 
If urea  is concerned  in  the  loss of ammonia from the  sap it may 
perhaps operate in the following way.  The entering ammonia forms 
NH4X at the outer  surface and  this diffuses into  the  sap where it is 
transformed to ammonium chloride.  We assume that NH4C1 cannot 
diffuse  out  rapidly  since  we  know from experiments  that  it  cannot 
diffuse  in  rapidly.  ~°  We  suppose  therefore  that  ammonia  goes  out 
chiefly as urea,  the formation of which goes on in such fashion as to 
explain the induction  period. 
The urea is formed from CO2-NH8 species in the sap in the presence 
of  an  enzyme.  At  the  moment  the  cells  are  transferred  from  am- 
monia sea water to normal sea water the pH of the sap is higher than 
normal  and  nearer  the  optimum  pH  of  the  enzyme,  consequently 
urea  is  formed  rapidly  and  diffuses  out  of  the  sap.  ~  This  is  the 
equivalent  of  removing  ammonium  carbonate  from  the  sap  since 
2 NI-Is  ~  CO2 "~ (NH~)~CO -~ H~O 
t~ Van Slyke, D. D., and Zacharias, G., J. Biol. Chem.,  1914, 19, 181. 
is LSvgren, S., Biochem. Z., Berlin, 1921, 119, 215. 
19 Howell, S. F., and Sumner, J. B., f. Biol. Chem.,  1934, 104, 619. 
20 Cooper, W.  C.,  Jr.,  and  Osterhout,  W.  J.  V.,  J.  Gen.  Physiol.,  1930-31, 
14, 117. 
21 During the accumulation of ammonia we suppose that the loss of urea goes 
on, but in this case more ammonia is entering as NH4X.  This is decomposed by 
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hence  the pH is decreased.  As pointed out previously only  a  very 
small amount of ammonia need be lost in this first process to lower the 
pH.  The effect of lowering the pH is to make  the enzyme less active 
so that  a  comparatively long  time  elapses  before  sufficient  urea is 
formed to cause the ammonia concentration of the sap to decrease  at 
a measurable rate.  Hence an induction period is observed. 
If we assume that the entrance of ammonia depends on the  inward 
diffusion of NH4X, and the exit of ammonia on the outward diffusion 
of urea, we run  into  a  number of difficulties.  If we call  ~  the outer 
protoplasmic  surface  X  and  the  inner  surface  Y  we  may  say  that 
although  the  X  and  Y  layers  of  the  protoplasm  are  undoubtedly 
different it is hard to see how a species which can diffuse in one direc- 
tion in either layer  cannot  likewise diffuse in the opposite direction 
in the same layer.  In particular NH~Y, if it enters the sap, must have 
diffused through Y.  It ought then to be able to diffuse back through 
Y when the direction of the gradient is reversed by exposing the cells 
to  running  normal  sea water.  It is, of course, possible that  no ap- 
preciable amount of NH4X can form at the sap-protoplasm interface 
because there is little or no HX there.  This could happen if HX is 
not formed in Y.  But in that case we should expect it to diffuse into 
Y and to the sap-Y interface rather rapidly.  Of course, if HX were 
formed only at the X-sea water interface and if its partition coefficient 
were low it might be lost in great part to the sea water.  In that case 
in order for there  to be any appreciable  diffusion of NH4X through 
the protoplasm the partition coefficient of the salt NH4X would have 
to be much  greater  than  that  of the acid HX.  This does not seem 
probable.  Indeed we have supposed that HX, which is probably not 
one acid but the type member of a group of weak acids, is much more 
soluble  in  the  non-aqueous  protoplasmic  surface  than  in  aqueous 
solution. 
To avoid the assumption that a one way permeability exists in any 
layer it might be assumed  23 that X  is permeable to NH4X but not to 
urea and Y is permeable to urea but not to NH4X.  On this basis the 
22 Osterhout,  W.  J. V., Ergebn. Physiol., 1933,  36,  967. 
2s Electrical  evidence indicates  that  X  and  Y are  quite  different  (cf.  foot- 
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seat of formation and decomposition of both urea and NH4X might be 
in the W layer, the aqueous layer in the protoplasm between the two 
non-aqueous layers X  and Y.  Let us suppose that urea is formed or 
decomposed at the sap-Y and  Y-W interfaces, and NHdf is formed 
or decomposed at the sea water-X and X-W interfaces.  Under these 
conditions, when the cell is exposed to ammonia containing sea water, 
NHdf is formed at the sea water-X interface and diffuses to W, where 
it is decomposed by COs which is either formed at the W-Y interface 
or is diffusing from the sap-Y interface.  If NH,X cannot diffuse in 
Y it might accumulate as NHj-IC08 in W  until  NHao  =  NH~, but 
its entrance raises the pH of W and as a result the rate of formation 
of urea is increased as the enzyme activity increases.  The urea dif- 
fuses through Y to the sap, but it cannot, we assume, diffuse much in 
X because of the low partition coefficient.  The first urea entering the 
sap  and  decomposing  there  increases  the  concentration  of  undis- 
sociated ammonia and the pH is raised.  This promotes the outward 
movement of KX for which there is a favorable partition coefficient 
in both  Y and X.  As a  result the further decomposition of urea in 
the sap does not raise the pH since the loss of KX is equivalent to the 
loss  4 of KOH. 
One point remains to be cleared up.  Since the pH of the sap is 
low when the  urea first enters its  rate  of decomposition would be 
small so that we might expect an induction period in the entrance of 
ammonia.  But we have never observed one.  Two things contribute 
to  make it  unlikely that  we should  see one.  First  the  amount of 
ammonia required to raise the pH is very small because of the poor 
buffer capacity of the sap, and second the reaction 
2NH, + COs ~--- (NH,),CO 
is in equilibrium far over on the side of the reactants.  Consequently 
even though the efficiency of the enzyme is low, it takes a  compara- 
tively short time to produce an increase in the pH of sap.  Once this 
occurs the efficiency of the enzyme increases. 
Let us now consider conditions at  the steady state.  We should 
expect the entrance of ammonia to cease as soon as concentrations of 
urea in  sap and  W  are equal, which should be when the  condition 
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happen as long as NH~  is entering W and is  being decomposed by 
CO2 to form NH~ICOs.  This process, however, will cease when 
(NH,)....t.,(HX),,. ffi (NH,).(HX).,. 
where epw refers to  the equilibrium layer in the X  layer  adjacent 
to W.  But if (HX)o~ =  (HX),~ which will be the case if I-IX is dis- 
tributed equally throughout  the X  layer,  the  right  hand  terms in 
numerator and denominator cancel, and then at the steady state 
(Nl:h) ....  =  (NI-h),, 
and a steady state throughout the system will occur when 
(NI~)~..,,.(cot),,  = (NH,)~(CO,)..~ 
But if (CO2).ap  =  (C02)~,  which may well be the case,  the steady 
state will occur when 
(NHs)%...  ffi (NHs)S.p 
or when 
(NI~) .... -- (NI~)u, 
But from a  previous papeP we derive the relationship that 
(NH,d,,,,p(H.~).~,,,  ==  (NHs),.:.(~).~ 
at  the steady state.  In this  expression eop and dp refer merely to 
particular layers of sea water and sap adjacent to the protoplasm, and 
for purposes  of  comparison of  this  expression with  the  one  where 
eop and eip can be considered respectively equivalent to sea water and 
sap respectively.  Further we can assume that corresponding activity 
coefficients in sap and sea water are equal and their concentrations 
may be substituted for activities. 
Using data from the experiment described in the previous papeP 
we find that the steady state  becomes =  0  when [HX],~  +  [HX]~ 
is taken as equal to 6.7. 
Now suppose we identify HX with CO2.  In order to satisfy the 
urea steady state equation (CO2),ap +  (CO2)~ will have to be equal  ~4 
24 Because for the steady state when urea is concerned. 
[NH,]t...,.  [CO,],,p  [NH,] ....  =  5.9  X  10  ~ 
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to 45.  This seems very l~l~kely in the case of COg which, as we kno~ 
from previous experiments,  ~8 diffuses very rapidly in the protoplasm. 
For this reason it seems unlikely that urea plays any part in the pro- 
cess of ammonia penetration if we regard HX as COg. 
Urea has served merely as an example of a  possible species which 
might  operate  through  an  enzyme.  Instead  of forming urea with 
COg ammonia might add on to an unsaturated linkage of an organic 
molecule  elaborated  by  the  protoplasm.  And  if  one  molecule of 
ammonia adds one molecule of the organic compound, we get for the 
two equations 
and 
(NH,).(R).  =  (NH,),(R). 
(NH,)....(HX)  .... 
=  (NI-I,).(HX)  .... 
(NH,).(HX)  .... 
where R  is an unsaturated molecule capable of adding on one amino 
group.  If HX is distributed uniformly in the X  layer of the proto- 
plasm, we may combine the two equations to get 
(NHs),.~(R), =  (NH,),.p(R),., 
which is  the same sort  of  equation  as  we  obtained  in  the  previous paper. 
Before discussing possible reactions of the type suggested we shall 
consider the effects of light on the urea equilibrium. 
It was observed that normal light increased both the rate of ac- 
cumulation and the rate of exit of ammonia and that the induction 
period was shorter under normal light. 
The increased rate of entrance in light is readily explained by as- 
suming that  due to  photosynthesis the pH immediately at  the sea 
water-X interface is  raised  so  that  the  rate  of diffusion of NH4X 
through X  is increased.  This increases the rate of urea formation 
and therefore the rate of increase of the ammonia concentration in the 
sap.  But the slowing up of the rates of exit and the lengthening of 
the induction period in the dark do not fit as well into the picture. 
The ammonia emerging from the protoplasm is washed away by 
the flow of sea water to  which the cells are exposed.  Nevertheless 
there is a  small but definite concentration of undissociated ammonia 
25 Jacques, A. G., and Osterhout, W. J. V., J. Gen. Physiol.,  1929-30,  13, 695. A. O.  JACQUES  539 
in the sea water and this should increase in the light at the sea water- 
protoplasm interface, so that the rate of diffusion of NH~Y through X 
should be decreased.  The effect might be very small indeed because 
of the very low concentration of total ammonia in the sea water, but 
any effect would be in the opposite direction to that observed. 
Light,  however,  may  affect  the  rate  of  attainment  of  the  urea 
equilibrium in other ways.  It is not impossible that light alone affects 
the rate of urea  synthesis and  decomposition.  26  But it seems more 
likely that  the results may arise  from an increase in  the activity of 
the enzyme. 
Some  recent  results  by  Murakami  27  indicate  that  a  number  of 
enzymes,  among  them  urease,  are  quite  inactive  in  the  dark,  but 
become  active  when  illuminated.  However,  the  activity  decreases 
as  the  intensity  of  the  light  increases.  But  Pincussen  and  Kat62s 
found that prolonged exposure to ultraviolet light or sunlight gradu- 
ally  inactivates  urease.  Assuming,  however,  that  moderate  light 
increases the effectiveness of the enzyme in the cell we can see that 
this would explain  all  the observed effects.  Especially it would ex- 
plain why in the exit experiments  the induction period is shorter in 
the light.  For if the enzyme is more effective the rate of increase in 
the urea concentration  in the sap will be greater,  and the urea con- 
centration at which the decrease of ammonia concentration in the sap 
begins to be appreciable  will be attained  sooner.  Light might  also 
influence the rate by increasing the amount of enzyme in the system. 
As is well known in general the rate at which equilibrium is attained 
in enzyme catalysis increases with the increase in the ratio of enzyme 
to substrate. 
The question may be asked if it is necessary to assume a  dual proc- 
ess for ammonia transport using both NH4X and urea.  There  is the 
possibility that  urea  alone accounts for ammonia  entrance  and exit. 
26 For photolysis of urea  in sunlight  see Rao,  G.  G., and  Pandalai,  K. M., 
J. Indian Chem. Soc., 1934, 11, 623.  For the synthesis of urea from ammonium 
carbonate solution in ultraviolet  light see Fearon, W. R.j and M'Kenna,  C. B., 
Biochem. J., London, 1927, 21, 1087. 
2~ Murakami,  R., J.  Agrlc.  Chem.  Soc., Japan,  1935, 12, 151, 172, 180, 709; 
1937, 13, 46.  These papers are in Japanese, but English abstracts  are supplied. 
2s Pincussen, L., and  Kat6,  N., Biochem.  Z., Berlin, 1923, 142~ 228. 540  KINETICS  OF  PENETRATION.  XVII 
On this basis urea must be formed during entrance at the protoplasm- 
sea water interface in the presence of an enzyme.  In the light several 
effects might be present: (a) the light might increase the effectiveness 
of the enzyme thereby speeding up the entrance of ammonia;  (b) the 
light by inducing photosynthesis would raise the pH at the sea water- 
protoplasm interface  and  this  might  speed  up  entrance  by bringing 
the system nearer the optimum pH for the enzyme; (c) the light might 
slow up the reaction  by causing the photosynthetic  removal of CO2 
and thus decreasing the concentration of one of the reactants needed 
for urea synthesis; or (d) the light might adjust the pH at a less favor- 
able  point  for  the  enzyme,  should  the  normal  pH  of  sea  water  be 
nearer  the  optimum  pH  than  that  produced  by photosynthesis. 
Thus light might have the net effect of increasing  the speed greatly, 
leaving the speed unchanged, or decreasing it to greater or less extent. 
If it is to increase  the speed we should  have to  suppose  that  the 
enzyme  effectiveness  increases  all the  way from the  pH of the sap 
about 5.6  up  to  9.0-9.5  the  probable pH in  the  layer of sea  water 
adjacent to the protoplasm.  This would be an unusually long range. 
We now consider possible carriers other  than  urea,  such as the amino acids, 
aspartic  acid,  COOH(NHs)CH. CHsCOOH;  asparagine,  COOH(NHs)  CH 
CHsCONHs; and  glutamine, COOH(NHs)CH  CH~CHsCONH~.  All  these  are 
widely distributed  in plants,  particularly  the last two which usually  occur to- 
gether.  29  All of these can lose ammonia in  the presence of suitable  enzymes. 
Aspartic acid can be deaminized readily in the presence of aspartase to fumaric acid. 
Thus, 
I-COOH(NHs)CH CH2COOH ~  COOH CH =  CHCOOH -b NH3 
fumaric 
acid 
This reaction,  according to Jacobsohn and  Tapadinhas  s° is a  true  reversible 
catalysis.  The equilibrium is established  according to results  of Quastel and 
Woolf,  sl and Woolf  s~ who used an enzyme preparation extracted from micro- 
organisms  when  K  !NH3]  [fumarate]  =  0.01.  Borsook  and  Huffman  ss  have 
[l-aspartate] 
29 Schwab, G., Planta, 1936, 25, 579. 
so Jacobsohn, K. P., and Tapadinhas,  J., Biacher,,. Z., Berlin, 1935, 282, 374. 
m Quastel, J. H., and Woolf, B., Biochem. J., London, 1926, 20, 545. 
s~ Woolf, B., Biochem. J., London, 1929, 23, 472. 
ss Borsook, H., and Huffman, H. M., J. Biol. Chem., 1932, 99, 663. A.  o. JACQtrES  541 
calculated the free energy changes in the production of fumaric acid from l-aspartic 
acid, and have compared the result with  that  calculated from the  equilibrium 
given by Quastel and Woolf.  They agree with Jacobsohn and Tapadinhas that 
the reaction is a  real reversible catalysis. 
The optimum pH for the enzyme appears to be between 7.0 and 7.5, s4 and at 
5.5 the action ceases,  l-asparagine can be hydrolyzed in the presence of a specific 
enzyme, asparaginase, to l-aspartic acid, but it is not certain that this is a really 
reversible catalysis.  Some investigators believe that the asparagine is completely 
hydrolyzed in the presence of the enzyme.  Geddes and Hunter  s5 support this 
view.  They fix the optimum of the reaction about at pH 7.9 and find that it is 
still active down to 5.5 and up to 10.5.  Suzuki  36 also found that the asparagine 
was completely hydrolyzed.  His optimum value was 8.10.  However, the results 
of Bach,  37 who was unable to get more than 80 per cent hydrolysis, suggest that 
an equilibrium is set up.  Bach's optimum pH was 8.6 and the range of enzyme 
activity is from pH 6.5 to pH 10.  Schmalfuss and Mothes  ss also believe that the 
reaction  is  a  reversible  one  resulting  in  the  formation  of  a  salt,  ammonium 
aspartate, 
COOH CH(NH=)CHsCONHs + H~O ~  COOH CH (NH~)CHsCOONH4 
They fix the optimum at 7.7  -  7.8 and the range of activity of the enzyme from 
pH 6 to pH 10.  It seems probable to us that the reaction is a reversible catalysis, 
but that the equilibrium point is far over on the side of the aspartic acid. 
Whether or not this is so, it is clear that in the plant asparagine can be formed, 
possibly through the effect of another enzyme,  s9 
According to Virtanen  and Tarnanen  (Virtanen,  A.  I.,  and  Tarnanen,  J., 
Biochem. Z., Berlin, 1932, 250, 193) the optimum is from 7.0 to 7.5 and the enzyme 
is no longer effective at 5.5. 
s5 Geddes, W. F., and Hunter, A., J. Biol. Chem., 1928, 77, 197. 
s6 Suzuki, Y., J. Biochem., Japan, 1936, 23, 57. 
s7 Bach, D., Bull. Soc. chim. biol., 1929, 11,  119. 
ss Schmalfuss, K., and Mothes, K., Biochem. Z., Berlin, 1930, 29.1, 134. 
s9 In  this  connection,  Kultzscher  (Kultzscher,  M.,  Planta,  1932,  17,  699) 
says  that  the  equilibrium,  amide  nitrogen  ~  ammonium  salts,  varies  greatly 
with the pH of the sap.  In plants with saps below pH 5, the tendency is to store 
nitrogen as ammonium salts and above that as amide.  This suggests  to us that 
in plants with saps of low pH the enzyme is so  ineffective that amides such as 
asparagine and glutamine cannot form very rapidly.  It should be noted that the 
NH, groups in aspartic and glutamic acids are amino groups not amide groups. 
An amino group is  not hydrolyzed off in  the presence  of a  hydrolase such  as 
asparaginase.  Indeed  apparently  it  cannot  be  removed  by  hydrolysis  which 
would leave an hydroxy acid, under natural conditions.  But instead the amino 
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The situation with glutamine is not yet clear.  The recent work of Krebs  4° 
indicates that there are at least two enzymes which can be classed as glutamases. 
The one obtained from kidney tissue appears capable of hydrolyzing glutamine or 
causing its synthesis from glutamic acid and an ammonium salt.  The optimum 
pH is at 7.4 and the range from 5.9 to 8.6 at least.  The author did not explore 
the limits further. 
Now if any one of these amino acids acts as ammonia carrier it may be expected 
to operate in the following  way.  If aspartic acid is concerned: In the presence 
of the enzyme fumaric acid acquires an amino group by uniting with undissociated 
ammonia thus setting up a gradient of aspartic acid across the protoplasm.  The 
aspartic acid moves to the protoplasm-sap interface where it is decomposed in the 
presence of the enzyme and the undissociated  ammonia goes into the sap.  If 
this is the Correct explanation accumulation could occur until [NH3]~ =  [NHs]o 
provided the fumaric acid  is distributed  uniformly through  the  protoplasm if 
equilibrium could ever be established.  In most cases we should not expect this. 
Instead, owing to the lower pH at th  e sap-protoplasm interface the enzyme would 
be less effective.  Hence the concentration of aspartic acid at the sap-protoplasm 
interface would equal that at the sea water-protoplasm interface before [NH3]~ = 
[NH,]o. 
Either asparagine or glutamine would operate in the same way as aspartic acid 
except that the reaction in this case involves the loss of a  molecule of water per 
molecule of ammonia reacting. 
It is  unnecessary  to  carry  the  argument  further.  The  same con- 
siderations applying to the transport of ammonia as urea could apply 
to its  transport  as  an  amino group.  But  if ammonia enters  by the 
formation of an  amino group the scheme which best fits  the  experi- 
mental facts is as follows. 
All the ammonia is transported as amino groups which add on to the 
unsaturated  linkage  of  an  organic  species  R  elaborated  wholly  or 
chiefly at the  sap-protoplasm interface. 
This  is preferable because  the  rate  equation  during  accumulation 
which can be derived from it  is  analogous  to  the  one  found to fit in 
the previous paper except that in place of the acid HX we substitute 
the organic species R. 
In a  previous paper  8 the  rate equation  could be put  in  the  form 
b 
p,,, =  __23 log  ¢ 
t  b 
C 
*° Krebs, H. A., Biochem. J., London, 1935, 29,  1951. A.  G.  JACQUES  543 
where P"' is the permeability  constant, b =  concentration  of HX or 
alternately  of R  at the sea water-protoplasm  interface,  c  --  concen- 
tration of HX or R  at the sap-protoplasm interface, and a  and x are 
the  concentration  of  undissociated  ammonia  in  sea water  and  sap 
respectively.  In  the  previous  paper  we  interpreted  the  results  to 
mean that 
[HX],p, =  6.7[HX],~ 
In  the  present  case  we  assume  that  the  effective concentration  of 
R,~  =  Rer,.  The necessity for introducing R  in place of HX is ap- 
parent only when we consider the exit of ammonia.  The neutraliza- 
tion reaction to form NH~Y must be regarded as practically instan- 
taneous, but the amination  of the R  may be slow and the induction 
period can be attributed to the relative ineffectiveness of the enzyme 
as a  catalyst under certain conditions. 
SUGARY 
The exit of accumulated ammonia from the sap of Valonia macro- 
physa, Kiitz., into normal (nearly ammonia-free)  sea water, has been 
studied in light (alternation of daylight and darkness) and in darkness. 
Exit is always preceded by an induction period lasting 1 or more days. 
This  is longer  in  darkness.  Mter  exit  starts  the  rate  is greater  in 
light than in darkness. 
The pH of the  sap  drops  off  soon  after the  cells  are  exposed  to 
normal  sea water even before any definite decrease in  the ammonia 
concentration  of the sap  has  occurred.  This  suggests  that  the  de- 
crease in the pH is due to the loss of a  very small  amount  of  NH3 
or NH4OH without  a  corresponding gain  of sodium as a  base. 
In most cases sodium replaced the ammonia lost during  exit,  but 
there  is some  evidence  that  potassium  may also replace ammonia. 
To  account  for  the  induction  period  it  is  suggested  that  other 
species than  NH,X are  concerned in  the  transport  of ammonia,  for 
example urea or amino acids. 